Adaptive regulation of taurine transport in two continuous renal epithelial cell lines. Taunne is actively transported by a /3-amino acid transporter located on the proximal tubule apical surface. We have characterized taurine transport into confluent monolayers of two continuous renal epithelial cell lines: LLC-PK1, a cell of porcine proximal tubular origin, and the Madin-Darby canine kidney cell line (MDC K) of distal origin. Taurine uptake is linear up to 90 minutes in LLC-PK1 cells and 180 minutes in MDCK cells. This process is highly dependent upon Na as the cation and either Cl or Br as the anion. Taurine uptake is inhibited by another /3-amino acid, /3-alanine, to a greater extent than the a-analog, L-alanine or other a-amino acids. Incubation of cell monolayers with taurine-free medium (0 M taurine) induces an increase in Na-dependent taurine uptake when compared to cells exposed to standard medium (50 M taurine). When cells were incubated in medium containing high taurine (500 SM), uptake was decreased as compared to control cells. This adaptive response is evident by 12 hours in both cell lines and is the result of changes in the apparent transport maximum (imax) rather than the apparent Km for taurine. The changes in transport observed after manipulation of medium taurine concentration were not associated with differences in taurine efflux. In summary, taurine is transported by a /3-specific, Na-Cl dependent process in both renal epithelial cell lines. Although the factors which regulate taurine transport are not known, an increased transport maximum is observed in cells which have been taurine-starved, and a decreased max is seen in cells supplied with excess taurine. This adaptive response mimics the actions observed for the brush border transporter.
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Although several of the neutral amino acid transport systems have been characterized in continuous renal epithelial cell lines [1] [2] [3] [4] [5] , the 13-amino acid transporter has not been examined. Taurine (2-aminoethane sulfonic acid) is an ideal substrate for the /3-amino acid transporter because it is slowly metabolized and it is not translationally incorporated into proteins [6] .
Taurine is distributed in significant intracellular concentrations in many tissues and serves several vital cellular functions, such as protection and stabilization of cell membranes, neuromodulation, regulation of cell volume, and detoxification [6, 7] .
Studies in renal brush border membrane vesicles demonstrate that taurine transport is specific with respect to /3-amino acids (/3-alanine and /3-amino isobutyrate) and is active, requiring cotransport with Na and Cl as a quarternary complex (2 Na:
I Cl: 1 taurine) [8] [9] [10] .
Taurine is incompletely reabsorbed by the proximal tubule, with an excretion rate of 8 to 10% of the filtered load [11] .
During dietary taurine deprivation in both humans and animals, taurine transport by the proximal tubule accelerates to increase net reabsorption in order to maintain the body pool size of taurine [6, 12] . The control of an amino acid's total body pooi by the kidney appears to be unique to taurine. This adaptation of taurine transport to taurine availibility has been described in the rat [12] [13] [14] , the mouse [15] , and the cat [16] . A twofold increase in taurine uptake was observed in rats receiving low sulfur amino acid and taurine diets, while those animals ingesting high taurine diets exhibited reduced taurine uptake by brush border membrane vesicles (BBMV) [14, 17] . The mechanisms involved in adaption to B-amino acid supply are not known.
Continuous renal cell lines offer the opportunity to study transport processes using a relatively homogeneous cell population under controlled conditions. We have characterized taurine transport in two renal epithelial cell lines, LLC-PK1, derived from the proximal tubule of the pig [18] , and the Madin-Darby canine kidney cell (MDCK) [19, 201 , originated from the distal tubule of the dog. These cell lines were used to study the adaptive response of the /3-amino acid symporter to changes in medium taurine concentration, as a model of the dietary adaptive response of the kidney to changes in sulfur amino acid intake. [20] , and containing DMEM/F12 plus insulin (5 p.g/ml), transferrin (5 ig/ml), prostaglandin E1 (2.5 x i0 M), hydrocortisone (5 x l08 M), and thyroxin (5 x 1012 M), was used for up to 24 hours. For transport experiments, cells were grown in 35 mm multiwell culture plates and were confluent for seven to ten days, exhibiting domes.
Transport studies Uptake studies were performed on confluent monolayers by standard techniques [3] [4] . Following removal of medium and washing with Earle's Balanced Salt Solution (EBSS), uptake was initiated by the addition of 0.75 ml of EBSS, pH 7.4, with 50 M taurine (0.5 pCi 3H-taurine) at 37°C. Uptake was terminated by removal of the solution, followed by three rapid washes with EBSS at 4°C. Cells were solubilized in 0.6 ml of 1% SDS in 0.2 N NaOH and then an 0.1 ml aliquot was dispersed into 2 ml of Optifluor (Packard, Downer's Grove, Illinois, USA). Duplicate samples were counted for two minutes in a Packard Tricarb 2000-CA Liquid Scintillation Analyzer (Packard). Uptake was calculated as nanomoles of taurine per milligram of cell protein as determined by the method of Lowry et al [21] .
A Nat-free EBSS, which substituted choline Cl for NaCI and choline bicarbonate for Na bicarbonate, was used to measure Nat-dependent transport [221. Uptake in the presence of lithium was similar to choline as illustrated in Table 1 . To determine Natdependent uptake, Na-independent uptake was subtracted from total uptake. In selected experiments, monolayers were pre-incubated for four hours with ouabain at a concentration of 50 /.LM prior to uptake studies. In the experiments in which anions and cations were manipulated, a modifled EBSS was formulated containing 140 mri of cation, 4 m of KCI, 140 m of anion, and 4 m'vi of the appropriate base, that is, choline or sodium bicarbonate, and 10 m of HEPES (pH = 7.4, 37°C).
To study the adaptive response, uptake was measured following 24 hours, unless otherwise indicated, in the absence of and presence of taurine at 50 /LM or 500 iM in hormonally defined medium. Kinetic analysis was performed by measuring 45-minute taurine uptake in the presence and absence of medium Na over a range of uptake solution taurine concentrations (1 to 500 /LM). Using the method of Eadie-Hofstee [23] , Nat-dependent uptake was plotted against uptake over substrate concentration for each experiment. The y-intercept indicates the apparent Jmax and the slope indicates the apparent Km. Efflux was measured in cell monolayers following a two-hour loading period with 3H-taurine. The monolayers were washed three times in cold EBSS, followed by the addition of taurinefree EBSS at 37°C. Medium was removed at various times and assayed for radioactivity. At the end of the collection period, monolayers were solubilized and radioactivity counted, as previously described. Efflux is expressed as the percent of total cell-associated taurine (cellular taurine plus media taurine) which was remaining at each time point.
Data analysis Data comparisons were made with the Student's t-test for independent data and linear regression analysis by the least squares method, with assistance from the computer program STATVIEW, 512+ (Brainpower, Inc., Calabasas, California, USA).
Results
Time course of taurine uptake Taurine uptake into confluent monolayers of LLC-PK1 cells in either Na-containing or the Natfree EBSS is shown in Figure 1A . Nat-dependent uptake was linear up to 90 minutes with an r value of 0.98. This curve could also be considered to be sigmiodal. When drawn as a sigmiodal curve, the r value was 0.99. For the purpose of our analysis, the linear curve was chosen. Accumulation was minimal in the absence of external Na. The time course of taurine uptake into confluent MDCK cells is shown in Figure lB . Sodium-dependent uptake was linear up to 180 minutes in the MDCK cell monolayers and was also dependent upon the presence of Na Concentration dependence of taurine uptake Uptake was measured over a wide range of substrate concentrations (1 /LM to 500 LM). Taurine accumulation observed Michaelis-Menton kinetics and reached saturation at a concentration of 250 M ( Fig. 2A) . Uptake was reduced following four hours in the presence of ouabain (50 M) and in the Nat-free EBSS. The concentration dependence of taurine uptake into MDCK cells was similar to that of the LLC-PK1 cells (Fig. 2B) , although the magnitude of uptake per mg cell protein was less than the LLC-PK1 cells.
Effect of cation and anion substitution on taurine uptake Substitution of either lithium or choline for Na resulted in a marked reduction of taurine uptake into both cell types (Table  I) . Various anions were used in place of chloride in the uptake solution. Only Br, in addition to C1, supported uptake in either cell line. Effect of other amino acids on taurine uptake The addition of a-or /3-alanine at 5 to 500 /.M to the uptake solution containing 10 /.LM taurine decreased taurine uptake into MDCK cells in a concentration dependent manner up to an inhibitor concentration of 250 LM (Fig. 3) . There was greater inhibition by f3-alanine than by L-alanine at all concentrations.
In the presence of taurine at 50 ILM, f3-alanine (500 M), reduced taurine uptake to 29% of control in the LLC-PK cells. The presence of arginine, phenylalanine, methionine, glycine, proline, and glutamine at 500 LM reduced taurine uptake to approximately 80% of the control (Table 2 ). In the MDCK cells, inhibition of taurine uptake by /3-alanine was to 37% of control demonstrating specificity for /3-rather than a-amino acids (Table 2 ). Uptake of taurine was 81% of control in the presence of a-alanine, and was also reduced when 500 .tM glutamine or arginine was added to the uptake medium.
Adaptive response of cells to media taurine concentration Cell monolayers were incubated for 24 hours in the presence of hormonally defined medium without taurine or containing 50 iM or 500 p.M taurine. Conventional medium with fetal calf serum contains 48 /.LM taurine. Cells exhibited a significant increase in Nat-dependent taurine uptake following 24 hours in taurine-free medium (Fig. 4) as compared to monolayers in 50 p.M or 500 p.M taurine. Alternatively, cell uptake of taurine was diminished in monolayers exposed to 500 p.M taurine for 24 hours.
The time course of the adaptive response of taurine uptake to alterations in medium taurine was followed over 24 hours in both LLC-PK and MDCK cell lines. As shown in Figure 5A , taurine uptake was significantly increased in the taurine-de- (Fig. SB) , although taurine uptake at the early timepoints was actually greater than the 50 p.M group. Likewise, taurine uptake was significantly diminished in cells incubated in 500 p.M taurine for 12 hours. Kinetic analysis Using a range of substrate concentrations (1 to 500 jIM), 45-minute uptake of taurine was measured in cells exposed to either 0 M, 50 /LM or 500 tM of taurine. Kinetic analysis was performed by the method of Eadie-Hofstee on data points from each experiment. Representative plots from an individual experiment are found in Figures 5a and 5b . The increase in taurine uptake observed to occur with taunne deprivation is the result of increases in the mean apparent Jmax for taurine (Table 3) Taurine efflux from cell monolayers Following exposure of cell monolayers toO tiM, 50 LM, or 500 /SM taurine for 24 hours, cells were loaded with radiolabeled taurine for two hours. The appearance of taurine in the taurinefree medium was then assessed. The efflux was similar in all three groups when expressed as the percent of total cell taurine content remaining at each time point assessed and as the slope of efiuux (Fig. 7) . .014 for the 500 JiM groups. Thus, changes in efflux did not account for the observed changes in uptake.
Discussion
We have demonstrated Nat-dependent transport of the /3-amino acid, taurine, in confluent monolayers of both LLC-PK1 and MDCK cells. Taurine uptake requires either Cl or Br as the accompanying anion. Of the halides, Br is closest to Cl in molecular size and may be able to substitute for C1 on this basis. Molecular size may be important in binding of the anion to the catalytic site, or for combination with taurine and Na as a quaternary complex [9] . Previous studies performed in brush border membrane vesicles (BBMV) from rat [8, 91 and rabbit [10] , as well asjejunal brush border studies [24] , have confirmed the anionic and cationic requirements of (3-amino acid transport. Thus, the taurine transporter in both of these cell lines is similar to the systems previously described in membrane preparations.
Taurine uptake is "slow" compared to other neutral amino acid transport systems, however, a wide variation may be observed. While there is a high affinity of the /3-amino acid transporter for its substrate, max is low and may account for the relative inefficiency of /3-amino acid transport [251.
Taurine uptake into LLC-PK1 cells is /3-specific, although some inhibition by L-amino acids was observed. It is not known Taurine uptake at 45 mm in the presence of I to 500 p.M taurine in the uptake solution was determined in confluent cell monolayers both in the presence and absence of medium Na. max is expressed as nmoles/mg protein/45 mm. Km is in p.M. Values represent the mean SE of four to six samples. a P < 0.05 vs. 50 p.M b p < 0.001 vs. 50 p.M whether this may represent taurine uptake by one transporter or by multiple systems. Other investigators have reported a small, yet significant, inhibition of (3-amino acid uptake by the Lanalog [10, 24] . Inhibition by L-amino acids may be secondary to a nonspecific effect upon Na availability and not on the actual transport process [10] . We have not examined this possibility. Following 24 hours in either high or low taurine medium, both renal epithelial cell lines exhibited reciprocal changes in taurine uptake which were found to be the result of changes in the apparent max Transport studies in rat BBMV, cortical slices, and isolated tubules, as well as mouse BBMV and cortical slices, have provided evidence for renal adaption to changes in sulfur amino acid intake [12] [13] [14] [15] . Taurine uptake into renal cortical slices and BBMV from mice which received low sulfur amino acid diets was greatly enhanced in parallel with reductions in the fractional excretion of taurine and plasma taurine levels [15] . Similar findings were reported in rats that ingested diets carefully controlled for sulfur amino acid content [12, 17] . A significant negative correlation was noted between the max' plasma taurine levels, and the fractional excretion of taurine. The physiologic signal for renal conservation of taurine is not known. Manipulation of intracellular taurine content in the three days of high taurine intake [12] . While the response to high taunne intake was complete within three days, the upregulation of transport induced by taurine restriction was detected at three days but not completely expressed until six days on the low-taurine diet. Taurine uptake into BBMV was downregulated following an 18-hour high taurine diet given to rats who had ingested low-sulfur amino acid diets for 14 days. Those animals who remained on the restricted diet had increased uptake, as was anticipated [12] . The increase in taurine uptake was also reversed by a four hour fast [26] . Because all substrates were withheld, this rapid adaptive response to fasting may be evoked through mechanisms unrelated to deprivation of a specific amino acid. The present study demonstrates that changes in taurine transport can occur within hours in cell lines derived from the pig and the dog, although the adaptive response in the MDCK cell line was not as convincing. 90
The process of adaptive regulation is not unique to the 13-amino acid transporter. The activity of other amino acid transport systems is induced by deprivation of amino acids and may vary with respect to the specificity of such inducers or suppressors [1, 2] . Adaptive mechanisms for the L-amino acids, particularly other neutral amino acid transporters, have been described for many cell types [1] [2] [3] [4] [5] . The system A transporter from liver, kidney, and lymphoid cells has been studied in detail. Adaptive regulation of this neutral amino acid transporter may be related to the nutritional requirements of the cell as well as a role in differentiation and cell growth. The adaptive regulation of the neutral amino acid transporter does not appear to have an impact on transepithelial transport in the kidney. The /3-amino acid transport system is unique because of the physiological implications: Renal brush border expression of the adaptive response as increased tubular reabsorption.
It is fascinating that the kidney has any interest in reclaiming taurine or other /3-amino acids since they are not nutritional substrates or structural constituents of proteins. Yet taurine is 60 the major free intracellular amino acid in most animals evaluated, and has a variety of biologic functions [6, 7] . Among these are bile acid conjugation, osmotic regulation of cell volume, protection and stabilization of cell membranes, and neuromodulation. In this respect, taurine is similar to phosphate, that is, the kidney controls the body pool size of a biologically important compound. During times of adequate dietary taunne intake or other sulfur amino acids, relatively large quantities of taurine are excreted into the urine [6, 7] . As taurine availability is reduced, urinary excretion decreases due to increased reabsorption [6] . Such an adaptive response to dietary deprivation has not been demonstrated for the L-amino acids. With the exception of histidine and proline, greater than 99% of the filtered load of most amino acids is reab sorbed by high capacity transporters, even in times of dietary surfeit, thus leaving little room for enhanced uptake [11] . The adaptive regulation of taurine is similar to that described for phosphate, since the body pool of phosphate is controlled primarily by the magnitude of its reabsorption at the brush border surface of the proximal tubule [27] . In addition, renal epithelial cells express adaptive regulation of the phosphate transport in response to changes in external phosphate concentration [28, 29] . The magnitude of taunne uptake was greater in the LLC-PK1 cells compared to the MDCK cells under identical conditions. One might speculate that this is related to the tubular site of absence of changes in the urinary or plasma levels was accompanied by reciprocal changes in Jmax [17] . This suggests that a stimulus other than, or in addition to, extracellular taurine concentration regulates taurine transporter activity. The adaptive response to alterations in extracellular taurine concentration requires approximately 12 hours to be expressed as changes in membrane symport. Such a time course suggests the requirements of a stimulus, such as changes in intracellular taurine concentration, followed by transcription and/or translation of a regulatory protein or transporter protein. Reduced taunne uptake into isolated tubules from rats that previously ingested normal taurine-containing diets was observed within origin of the cells with the proximal cell having a greater capacity for transport or differences in the membrane location of /3-amino acid transport. Unfortunately, for the purpose of such comparisons, these cell lines have aquired features which are not completely characteristic of proximal or distal epithelia [30, 31] . The LLC-PK1 cell is responsive to vasopressin but not to parathyroid hormone, in contrast to the intact proximal tubule [31] . This cell line has active, Na-dependent transport of glucose, phosphate, organic acids, and several transporters for neutral, acidic and basic amino acids. The MDCK cell line is morphologically and electrically similar to the collecting tubule and retains many of the characteristics of the distal tubule, such as vasopressin responsiveness, a Na-H exchanger, and Na-K-2 Cltransport [30, 31] . MDCK cells also possess active Nat-dependent transport of amino acids with concentration of transport activity on the basolateral cell surface [3, 5] .
A preliminary report of taurine transport in both a primate and a human renal tubular cell line revealed that taurine uptake was Na-dependent and was linear up to 60 minutes [32] . cell, but was not as straightforward in the MDCK cell. The process of adaptation does not appear to be related to changes in luminal membrane permeability to taurine since taurine efflux was not affected. These cell lines offer a model of adaptive regulation of /3-amino acid transport which is achieved within a short time period when compared to the two weeks required in rats fed a low or high sulfur amino acid diet. Understanding the mechanisms involved in the regulation of /3-amino acid transport will require analysis of the polarity of transport, and further study of factors involved in the induction of changes in transport at either the luminal and/or basolateral membrane surface.
